The canopy geometry is defined by the scale of individual stems and blades, and the number of these 9 Aquatic canopies exhibit a wide range of geometry. Marsh grasses are relatively sparse with 22 excluding a thin layer near the bed of a scale comparable to the stem diameter, d (Nepf & Koch 7 1999 ). Second, as discussed above, the eddy length-scale is small compared to the water depth, 8 which limits the turbulence flux of momentum, i.e. the turbulence stresses are typically negligible. 9
For example, from numerical experiments the eddy scales are 1-3% of the water depth, and turbulent 10 stresses are only 2% of the total drag for aH = 0.1 (Burke & Stolzenbach 1983). Similar ratios have 11 measured in model emergent canopies (Nepf & Vivoni 2000) . A notable exception occurs near the 12 surface, as wind-generated stress can sometimes play a role in the momentum balance (Jenter & 13 Duff 1999) . Third, we assume that dispersive fluxes are negligible because the canopy density is 14 commonly above the threshold ah > 0.1 suggested by Poggi et al (2004b) . For steady, uniform flow, 15 the momentum equation then reduces to 16
19
The hydrostatic pressure and potential gradients that drive the flow (left-hand side) are not functions 20 of the vertical coordinate, z. The right-hand side must then also be independent of z, so that the 21 velocity varies inversely with the frontal area, a, and in proportion to the canopy-drag length scale, 22 L c . For plants with a distinct basal stem, this produces a velocity maximum close to the bed, because 23 a is reduced below the level at which branching begins (Figure 1) . A near-bed velocity maximum is 1 often observed in the marsh grass Spartina alterniflora (Leonard & Luther 1995 , Leonard & Croft 2 2006 . In contrast, the more vine-like Atriplex portuloides has leaves (and thus C D a) that are more 3 evenly distributed over depth, and the resulting velocity profile is uniform over depth (Leonard & 4 Reed 2002) . 5 Equation 8 implies that the velocity profile within an emergent canopy has a self-similar 6 form. When the velocity is normalized by its value at an arbitrary reference depth, denoted by 7 subscript ref, the normalized profiles collapse together, regardless of the absolute magnitude of the 8 current. The shape of the normalized profile depends on the vertical distribution of L c . 9
The right-most approximation holds in most salt-and fresh-water wetlands canopies, for which the 13 canopy solid volume fraction is small (φ < 0.1), so that (1-φ) ≈ 1. A self-similar velocity structure 14 was confirmed by measurements in a coastal marsh (Lightbody & Nepf 2006 ) and in the freshwater 15 wetlands of the Everglades (Huang et al 2008) . The normalization in (9) provides an important tool 16 for extrapolating a full velocity profile from records at a single vertical position. 17
An interesting non-linear behavior emerges when we compare flow conditions under 18 different canopy density, but the same potential and/or pressure gradient. To include the no canopy 19 limit, i.e. bare-bed, the bed resistance must be included in the momentum balance. Figure 2c and 2d 20 depict the change in velocity and turbulent kinetic energy, respectively, relative to bare-bed 21 conditions, with the later denoted by subscript b. The details of this comparison are given in Nepf 22 less than that over a bare bed, and the velocity ratio, ! < u > /u b , decreases as the vegetation density 2 increases (Figure 2c ). Changes in turbulent kinetic energy with increasing vegetation density reflect 3 the competing effects the reduced velocity and the additional turbulence production in stem wakes 4 (7). These opposing tendencies produce a non-linear response in which the turbulence levels 5 initially increase with increasing canopy density, but decrease as a increases further (Figure 2d) . 6
This non-linear response was predicted numerically for flow through emergent vegetation (Burke & 7
Stolzenbach 1983) and within submerged roughness elements (Eckman 1990). It has been observed 8 in flume studies of flow through real stems of Zostera Marina (Gambi et al. 1990 ). The enhanced 9 turbulence levels in sparse canopies have important implications for canopy ecology. An increase in 10 turbulence, particularly element-scale turbulence, could benefit vegetation by augmenting nutrient 11 uptake and/or gas exchange (Anderson & Charters 1982), and similarly enhance uptake by microbes 12 living on plant surfaces (e.g. Gantzer et al. 1991) . Significant contributions to the turbulence 13 intensity from stem-scale turbulence has also been observed in beds of channel macrophytes (Naden 14 et al. 2006) . 15
It is commonly expected that dense patches of vegetation, because they damp flow and 16 turbulence, are associated with muddification, an increase in fine particles and organic content of the 17 underlying sediment relative to adjacent bare bed conditions. Recently, van Katwijk et al (2010) 18 observed that sparse patches of vegetation are associated with sandification, a decrease in fine 19 particles and organic matter, and they attribute this to higher levels of turbulence within the sparse 20 patch, relative to adjacent bare regions. A transition from a tendency for sandification (elevated 21 turbulence) to a tendency for muddification (diminished turbulence intensity) with increasing canopy 22 density is consistent with the non-linear model shown in Figure 2d . 23
Submerged Canopies 3
The velocity within a submerged canopy has a range of behavior depending on the relative depth of 4 submergence, defined as the ratio of flow depth, H, to canopy height, h. The flow within the canopy 5 is driven by the turbulent stress at the top of the canopy as well as by the gradients of pressure and 6 gravitational potential (bed slope). The relative importance of these driving forces varies with the 7 depth of submergence (Nepf & Vivoni 2000) . For shallow submergence the canopy-scale turbulence is also more coherent (less three-dimensional) 9
than that observed with deeply submerged (or terrestrial) conditions. However, in both cases the 10 canopy-scale vortices dominate the vertical transport at the canopy interface (e.g. Gao et al. 1989 , 11
Finnigan 2000, Ghisalberti & Nepf 2002). 12
In a free-shear-layer, the vortices grow continually downstream, predominantly through 13 vortex pairing (Winant & Browand 1974) . In canopy-shear-layers, however, the vortices reach a 14 fixed scale and a fixed penetration into the canopy (δ e in Figure 3de ) at a short distance from the 15 canopy's leading edge (Ghisalberti & Nepf 2004 ). Based on measurements with a flexible model of 16 the seagrass Zostera marina (a = 5.7 m -1 ), a fixed shear-layer scale is reached at a distance of 10h 17 from the leading edge of the meadow (Ghisalberti 2000) . The fixed vortex and shear-layer scale is 18 reached when the shear-production that feeds energy into the canopy-scale vortices is balanced by 19 dissipation by canopy drag. This energy balance predicts the following length-scale, which has been 20 verified with laboratory observations (Nepf et al. 2007 ). 21
canopies. In the range C D ah = 0.1 to 0.23, the shear-layer vortices penetrate to the bed, δ e = h, 3 creating a highly turbulent condition over the entire canopy height (Figure 3d) . At higher values of 4 C D ah the canopy-scale vortices do not penetrate to the bed, δ e < h (Figure 3e) . 5
The scaling δ e ~ a -1 has been observed in flows near porous layers over a wide range of 6 physical scales, spanning from granular beds to terrestrial forests and urban canopies (Ghisalberti, The penetration length, δ e , segregates the canopy into an upper layer of strong turbulence and 14 rapid renewal and a lower layer of weak turbulence and slow renewal (Nepf & Vivoni 2000) . 15
Flushing of the upper canopy is enhanced by the canopy-scale vortices that penetrate this region 16 (Figure 3e ). In contrast, turbulence in the lower canopy (z <h-δ e ) is generated in stem wakes and has 17 significantly smaller scale, set by the stem diameters and spacing. Canopies for which δ e /h < 1 18 retention. In sandy regions, that tend to be nutrient poor, the preferential retention of fines and 5 organic material, i.e. muddification, enhances the supply of nutrient to the canopy, so that dense 6 canopies provide a positive feedback to canopy health in sandy regions. In contrast, in regions with 7 muddy substrate, which is more susceptible to anoxia, sparse meadows (C D ah ≤ 0.23) may be more 8 successful, because the enhanced near-bed turbulence removes fines, leading to a sandier substrate 9 that is less prone to anoxia. 10
11

Flexible Canopies and Monami 12
Under some conditions, the canopy-scale vortices produce sufficient instantaneous drag to To understand the connection between the canopy-shear-layer vortices and the monami, it is 23 useful to consider the differences between the free-shear-layer and canopy-shear-layer. Free-shear-1 layer vortices are symmetric around the inflection point (z i ), and their translation speed, U v , matches 2 the velocity at the inflection point, U i . Because these vortices rotate faster than they translate, the 3 lower region of the layer experiences a negative velocity perturbation as a vortex passes (e.
However, due to the canopy drag, the vortices are displaced upward, relative to the inflection point. 7
As a result, the translation speed of the vortex is higher than the velocity at the inflection point, i.e. 
cms
-1 , orange symbols) canopy-scale vortices are produced, but are too weak to deflect the blades, 2 and no monami occurs. In the stronger flow case (U h = 7.9 cms -1 , green), the canopy deflection is 3 larger (smaller h), and the canopy-scale vortices are strong enough to trigger monami. The monami 4 excursion amplitude is noted in the figure. The combination of deflection and monami allows the 5 turbulent flux to penetrate closer to the bed, which leads to greater in-canopy flow speed (see also 6
Ghisalberti & Nepf 2009). 7
While monami allows for a deeper penetration of stress, the momentum transfer is less 8 efficient. For example, the maximum normalized stress is 
Mean Velocity Profile 16
Sufficiently far above a submerged canopy (z > 2h), the velocity profile is logarithmic (see Kaimal 17 & Finnigan 1994 , and reference therein). 18 Recall that the penetration length-scale, δ e , describes the distance over which turbulent stress 10 penetrates the canopy from above. Similarly, the displacement height is the centroid of momentum 11 penetration into the canopy (Thom 1971) . This similarity suggests the physically intuitive scaling, 12 The logarithmic profile form is based on equilibrium turbulence, such that dissipation and 8 production are locally in balance (e.g. Tennekes & Lumley 1990) . Largely because of the vertical 9 transport provided by the shear-layer structures, this condition is not met for some distance above the 10 canopy, called the roughness sub-layer. For very shallow submergence, H/h ≤ 1.5, the roughness 11 sub-layer extends to the surface, and a logarithmic structure is not observed above the canopy. 12
The flow within a submerged canopy is driven by a combination of the turbulent, dispersive 13 and viscous (usually negligible) stresses generated by the overflow, as well as the potential gradient 14 associated with the hydrostatic pressure gradient and the bed slope. Below the penetration of 15 turbulent and dispersive stress (z < h-δ e ), conservation of linear momentum reduces to a balance 16 between potential gradients and the sum of the canopy and the bed drag. Assuming that the canopy 17 drag is much larger than bed drag, this balance yields the following mean velocity. 18
This is the same momentum balance observed for emergent canopies. So, again, if the canopy 22 density, a, or drag coefficient C D are functions of z, the velocity will vary inversely, i.e. velocity will 1 be highest where C D a is lowest. 2
In the upper canopy (h-δ e < z < h) flow is driven by both potential gradients and turbulent 3 stress. The stress-driven component is derived by simplifying the moment equation (2) to a balance 4 of canopy drag and turbulent stress, and modeling the turbulent stress with a mixing length model, 5 Inoue 1963 , Cionco 1965 ). This yields the exponential velocity 6 profile observed in terrestrial canopies. In aquatic canopies, the potential-driven component is also 7 important in the upper canopy. Combining the stress-driven and potential-driven components, the 8 upper canopy velocity profile is, 9 10 for practical purposes the resulting profile is reasonably accurate. First, the velocity profile above 6 the meadow (z >h) is estimated from the logarithmic profile (12) . The logarithmic profile provides 7 the velocity at the top of the meadow, U h , which is used with (14) and (15) to predict the velocity 8 within the meadows (z < h). An example is given in Figure 5 using data from Ghisalberti (2005) . 9
The input parameters are the water depth (H = 46.7 cm), the meadow height (h = 13.9 cm), the 10 surface slope (S = 2.5 x 10 -5 ), the canopy density (a = 0.034 cm -1 ), and the measured drag 
Mass Transport in Vegetated Flow 20
Conservation of mass is described by the transport equation, 21 described by (18) and (19) . 15 
16
Turbulent Diffusion within and Above a Submerged Canopy 17
Because the canopy drag restricts the penetration of the canopy-scale vortices, a submerged canopy 18 is segregated into two zones characterized by distinct turbulence scales. The canopy-scale vortices 19 are excluded from the lower canopy (z < h-δ e ), and as a result the mechanisms of dispersion 2005). Generally, t ml ~ h, so (20) can be estimated from the canopy height, h, and the velocity 10 difference, ∆U. The turbulent diffusivity has a peak at the top of the canopy, with D (z =h) ≈ 11 0.032∆U t ml . As in a free-shear layer, the turbulent diffusivity is higher than the turbulent viscosity 12 (ν t ). The turbulent Schmidt number (S t = ν t /D t ) has a mean of 0.5 within the canopy-shear layer, 13 similar to other free shear layers, and a minimum of 0.3 at the top of the canopy, so that mass is 14 mixed across the canopy-water interface three times more rapidly than is momentum (Ghisalberti & 15 Nepf 2005 , and references therein). For reference, in a neutral boundary layer S t ≈ 1 (e.g., Kaimal & 16 Profiles of normalized turbulent stress in and above a flexible canopy for two flow conditions, based 6 on data from Ghisalberti and Nepf (2006) . With the weaker current, no monami occurs (orange 7 dots). With a stronger current, monami is produced (green dots). The vertical excursion of the 8 canopy interface associated with the monami is shown with the dashed double-arrow. Under the 9 stronger current (green dots), the individual blades are deflected further, reducing the mean canopy 10 height (h), relative to the condition with the weaker current (orange dots). 
= (gS(H-h))
1/2 , z m = h-(1/2)δ e (13) , and z o =(0.04±0.02)a -1 , as given in text. Inside the meadow the 4 velocity is predicted from (14) and (15), with U h taken from logarithmic fit. 5 6 7
